We study the phenomenology of a Standard Model (SM) extension with two charged singlet scalars and three right handed (RH) neutrinos at an electron-positron collider. In this model, the neutrino mass is generated radiatively at three-loop, the lightest RH neutrino is a good dark matter candidate; and the electroweak phase transition strongly first order as required for baryogenesis. We focus on the process e + + e − → e − µ + + Emiss, where the model contains new lepton flavor violating interactions that contribute to the missing energy. We investigate the feasibility of detecting this process at future e − e + linear colliders at different center of mass energies: ECM = 250, 350, 500 GeV and 1 TeV.
I. INTRODUCTION
The Standard Model (SM) of elementary particle physics is very successful in explaining physics around the electroweak scale. However, Despite several questions remain to be answered such as neutrino masses and mixing [1] , the nature of the dark matter (DM) [2] and the origin of the baryon asymmetry of the universe [3] . None of these issues is successfully explained within the SM. Therefore, various extensions beyond the SM have been proposed to address these problems.
In Ref. [4] , Krauss, Trodden and one of the authors in this paper, proposed an extension of the SM with two charged SU (2) L singlet scalars and one right handed (RH) neutrino field, N 1 , where a Z 2 symmetry was imposed at the Lagrangian level in order to forbid the Dirac neutrino mass terms. After the breaking of the electroweak symmetry, neutrino masses are generated at three-loop, which makes their masses naturally small due to the high loop suppression. Moreover, the field N 1 is odd under Z 2 symmetry, and thus it is guaranteed to be stable, which makes it a good candidate for DM. Ref. [5] studied the phenomenological implication of this model with two RH neutrinos, instead of just one. In [6] , it was shown that in order to fit the neutrino oscillation data and be consistent with different recent experimental constraints such as lepton flavor violation (LFV), one needs to have three RH neutrinos. A somewhat similar class of three-loop neutrino mass models has also been studied in [7] .
In this work, we consider the feasibility of testing this radiative model at the next-generation electron-positron linear colliders [8] [9] [10] [11] [12] . The ILC, being designed for operation at several e − e + collision energies, will be a great opportunity to anticipate detailed physics studies of our model. Among the different processes which can be studied at the ILC, we will focus here on the process e − e + → e − µ + + E miss within the allowed kinematic regions of the machine. Accordingly, our signal will consist of electron, anti-muon and missing energy. In the SM, the missing energy is coming just from one source E (SM) miss ≡ν e ν µ , whereas in our model, there are twelve different processes that give rise to E miss in the final state: six with SM left handed (LH) neutrinos and six contributions with heavy RH Majorana neutrinos. Moreover, the background process in our model gets modified through extra additional channels. Thus, we look for the excess in the number of events from the process e − e + → e − µ + + E miss in this model over the contribution from the SM and then identify whether the missing energy is produced from LH or RH neutrinos. Similar effects have been investigated in other class of models [13, 14] . This paper is organized as follows: in section II, we introduce the three-loop radiative model for neutrino masses, then we discuss its detectability at linear collider in section III. In section IV, we present and discuss the simulation results. We give our conclusion in section V.
II. THE MODEL
The model that we will study is an extension of the SM with three RH neutrinos, N i , and two electrically charged scalars, S 1 and S 2 , that are singlet under SU (2) L gauge group in addition to a discrete Z 2 symmetry, under which {S 2 , N i } → {−S 2 , −N i }, and all other fields are even. The Lagrangian reads [6] 
where L α is the LH lepton doublet, f αβ are the Yukawa couplings which are antisymmetric in the generation indices α and β, m Ni are the Majorana RH neutrino masses, C denotes the charge conjugation operator, and V (Φ, S 1 , S 2 ) is the tree-level scalar potential which is given by
with Φ denotes the SM Higgs doublet. It has been shown that this model has the following features [6] :
• Small non-zero neutrino masses are generated radiatively at three-loop as shown in Fig. 1 , which fits the neutrino oscillation data and without being in conflict with sever experiential constraints such as the bounds on lepton flavor violating processes, the muon anomalous magnetic moment and the neutrino-less double beta decay.
• Has a DM candidate (N 1 ) with a relic density in agreement with the observation for masses around the electroweak scale.
• Gives rise to strong first order phase transition that is required for a successful baryogenesis without being in conflict with the recent Higgs mass measurements provided by the ATLAS [15] and CMS [16] collaborations.
• Possible enhancement in the Higgs decay channel h → γγ, while the channel h → γZ gets a small suppression within 5% according to the SM.
• Significant large enhancement on the triple Higgs coupling due to the extra contributions. 
III. PHENOMENOLOGY AT LINEAR COLLIDERS
Neutrinos, which manifest inside the detector as missing energy, are produced due to the new lepton flavor violating interactions given by the f and g terms in (1). At an e − e + linear collider such as the ILC, they can be directly pair-produced in association with a single (or multiple) photon(s), or a pair of charged leptons 1 . In addition, both light (ν i ) and heavy (N i ) neutrinos can be generally produced at linear colliders according to their production cross section. However, by using polarized beams, one can reduce/increase the production rate of one type of chiral particles as compared to the other ones. For instance, if one uses LH polarized electron beam, the heavy RH Majorana neutrinos production rate gets suppressed and vice-versa. First, we will concentrate on the process e − e + → e − µ + + E miss considering unpolarized beams for different center of mass (CM) energies, E CM , that can be accessible at the ILC. Second, we generalize our analysis by allowing for the possibility of tuning the beam polarization at the linear colliders. 
The cross section of different contributions σ(Emiss) versus the center of mass energy. The difference between the red and green curves that represent the background and the subprocess Emiss ≡νeνµ can not be seen due to the considered range. The curves NiN3 are the only non-negligible contributions that can be presented for the benchmark in (3).
As a Benchmark, we consider the following set of the model parameter values: 
which has all the features listed in the previous section. For this benchmark, the only kinematically allowed decay modes of N 2,3 are three-body decays and therefore their total decay widths are small. This means, they might decay outside the detector, and therefore their signatures is similar to the of N 1 . Detailed studies about the production mechanisms and the decay modes in e + e − collisions, of new heavy fermions and neutrinos has been performed in [17] . Furthermore, the analysis of various signals and backgrounds of new heavy fermions predicted by the SM extensions can be found in [18] .
In our model, the missing energy in the process e − e + → e − µ + + E miss corresponds to any state in the set E miss ⊂ {ν µνe , ν eντ , ν τνe , ν µνµ , ν τνµ , ν τντ , N i N k ; i, k = 1, 2, 3}. The total expected cross section of the processes e − e + → e − µ + + E miss is represented by σ EX , while σ(E miss ) denotes the cross section of different subprocesses.
The background comprises two leptons (electron and anti-muon) plus missing energy E (SM)
miss ≡ν e ν µ . In our model, the subprocess E miss ≡ ν µνe has 22 diagrams mediated by S 1 in addition to the 18 diagrams that exist in the SM. Then, the number of signal events is the difference between the contributions from the 12 subprocesses mentioned above and the SM background. Hence, our goal will be to study the feasibility of detecting any possible excess of events in our model compared to the SM predictions at the International Linear Collider (ILC) [8] [9] [10] 19] for different beam energies. Our analysis also applies to the other future leptonic linear colliders, such as Compact Linear Collider (CLIC) [12] ; and the Triple-Large Electron-Positron Collider (TLEP) [11] .
For small beam energies (such as 250 or 350 GeV), the RH neutrinos can not be produced due to the kinematical constraints; and when there are any observed events from the defined signal, it is due to the light LH neutrinos. However, at higher energies up to around 1 TeV, one expects the heavy RH neutrinos (N i ) to be pair produced and therefore contribute significantly to the total cross section of the process e − e + → e − µ + + E miss . In this case, the energy of the muon and/or electron is expected to be smaller than the case where the missing energy is LH neutrinos. Fig. 2 shows the cross section for each subprocess versus the CM energies E CM = 250 ∼ 1000 GeV using unpolarized beams for the considered model parameters given in (3). Among the different contributions to the total missing energy, the cross section for the final states E miss ⊂ {ν eντ , ν τνe , ν µνµ , ν τνµ , ν τντ , N 1 N 1 , N 1 N 2 , N 2 N 2 } are found to be negligible. In Fig. 2 , we show the plot of σ(E miss ≡ N i N 3 ), with i = 1, 2, 3, versus the CM energy, which shows that σ(E miss ≡ N 3 N 3 ) is much larger than both σ(E miss ≡ N 1 N 3 ) and σ(E miss ≡ N 2 N 3 ). Then at low CM energies, the signal in this model, comes only from the subprocess e + + e − → e − µ + ν µνe , i.e., the diagrams that are mediated by the charged scalar S 1 . At higher values of E CM , there could be additional contributions from the subprocesses e + + e − → e − µ + N i N 3 , which are mediated by the charged scalar S 2 .
The contributions of N 1,2 N 1,2 are negligible due to the constraints from neutrino oscillation data, LFV processes, and the DM relic density. This requires the couplings g 1α and g 2α to be very small compared to g 3α ∼ O(1) [6] . Moreover, the contributions {ν eντ , ν τνe , ν µνµ , ν τνµ , ν τντ } are also negligible due the smallness of the couplings f αβ in addition to the large value of m S1 . Consequently, the highly suppressed interactions mediated by S 1 , makes to the cross section σ(E miss ≡ ν µνe ) very close to the background as illustrated in Fig. 2 .
In order to maximize the signal detection, one has to choose a set of cuts where the signal significance should be larger than 3 σ. The general significance definition is defined by
where N S and N B are the signal and background events number, respectively. Here N S is given by
with N EX is the expected events number, L is the integrated luminosity and σ EX (σ BG ) is the expected (background) cross section within the considered cuts.
One of the powerful characteristics of future e + e − linear colliders, such as the ILC, is the possibility of having the electron and/or positron beams being polarized [19, 20] . This feature can be used to reduce the background contribution which can result in a significant improvement of the signal to background ratio. At the ILC, both electron and positron polarizations are chosen to lie in the range [20] P e − ≤ 0.8;
with P (f ) = (N fR − N fL )/(N fR + N fL ); and N fR (N fL ) is the number of right (left) handed fermions. For CLIC, the positron polarization could reach up to |P (e + )| = 0.6, therefore one expects the background to be more suppressed [21] . Hence, by considering the electron (positron) polarization P (e − ) < 0 (P (e + ) > 0), the excess in the number of LH (RH) neutrino events gets enhanced.
We will carry out our simulation based on the benchmark (3), and use the ILC run at different CM energy: E CM =250 , 350, 500 GeV and 1 TeV, with unpolarized beams at first; then we consider the polarized beams with P (e − , e + ) = [−0.8, +0.3] and/or P (e − , e
The details of our analysis is described throughout the next section.
IV. ANALYSIS AND DISCUSSION
In this work, we used LanHEP [22] and CalcHep [23] for the simulation of our model; and generated the differential cross section with respect to all the relevant kinematic variables. We found that the expected cross section is barely larger than the background σ EX σ BG ; and the distributions have the same shape. We found out that the useful kinematic variables, where the events number excess can be remarkable are: the charged leptons energy (E ℓ ), angular distributions (cos θ ℓ ), the invariant mass (M e,µ ); and the missing invariant mass (M miss ). The latter variable can be reconstructed fairly at any lepton collider since the full information about the initial state momenta are provided. A summary of the considered cut sets is shown in Table-I. ECM Selection cuts 250 70 < E ℓ < 110 , 70 < Me,µ < 220 , Mmiss < 120, 0.4621 < cos θe < 0.9640, − 0.9640 < cos θµ < −0.4621,
350
90 < E ℓ < 165 , 100 < Me,µ < 280 , Mmiss < 200 , 0.4621 < cos θe < 0.9951, − 0.9866 < cos θµ < 0, 500 120 < E ℓ < 240 , 300 < Me,µ < 480 , Mmiss < 300 , 0.4621 < cos θe < 0.9951, − 0.9951 < cos θµ < 0, 1000 E ℓ < 70 , Me,µ < 140 , Mmiss > 750 , 0.0997 < cos θe < 0.6640, − 0.6640 < cos θµ < −0.0997. Here E ℓ and θ ℓ are the charged lepton energy in emission angles, Me,µ is the electron-muon invariant mass and Mmiss is the missing invariant mass. All masses and energies are given in GeV.
From the angular cuts at different CM energies in Table-I, the charged leptons from the process e + + e − → e − µ + + E miss could be emitted in wide angle ranges, while in a similar model studied in [13] , the outgoing leptons (e − and µ + ) are emitted almost collinearly. This is due to the fact that in our model the process proceeds via both t-and s-channel whereas in [13] it is via only the t-channel.
By imposing the cuts in Table-I at each CM energy, we obtain both the expected signal and the background cross sections. This gives us an idea about the required luminosity from the significance values as presented in Table-II. ECM σ Table-I ; and the significance S100 and S500 that correspond to the two integrated luminosity values L=100, 500 f b −1 , respectively. All energies are given in GeV and cross sections in pb.
One has to mention that for E CM =250, 350 and 500 GeV, the corresponding required luminosity to detect the signal should be higher than the values reported in [10] , in contrast to the case where E CM =1 TeV. As can be seen from the cuts on the charged leptons energy and the missing invariant mass in Table-I in addition to the  cross sections in Table- II, clearly the events number excess at E CM = 1 TeV has different source compared to the other CM energies. Here, the missing energy is mainly RH Majorana neutrinos; due to the following reasons:
(1) The missing invariant mass is large because N 3 is very massive, (2) the existence of heavy RH neutrinos in the final state leads to small phase space for the daughter particles including the charged leptons; and (3) the expected cross section is dominated by the subprocess E miss ≡ N 3 N 3 , whereas the E miss ≡ ν µνe contribution is comparable to the background.
Note that there are 34 Feynman diagrams that contribute to the amplitude of the subprocess e − e + → e − µ + + N 3 N 3 , all of them mediated by the charged scalar S 2 . Then, in Fig. 3 , we illustrate the cross sections of the different E miss ≡ N i N 3 subprocesses, and the corresponding significance versus the charged scalar mass m S2 .
Moreover in Fig. 3 , the cross section σ(E miss ≡ N 3 N 3 ) gets enhanced for charged scalar mass near the resonance value m S2 ∼240 GeV, whereas it is negligible elsewhere. It is interesting to notice that m S2 value in our benchmark (3) corresponds exactly the resonance. Here again by looking at the charged scalar masses m S2 < 164 GeV and m S2 > 724 GeV, the cross section σ EX is expected to be smaller than the background; and therefore there is no significant events number excess that can be observed in this case. Now, we extend our study by considering polarized beams in order to increase the signal to the background. Hence, we consider P (e − , e + ) = [−0.8, +0.3] for E CM =250, 350 and 500 GeV and P (e − , e + ) = [+0.8, −0.3] for E CM = 1 TeV. Keeping the same defined cuts listed in Table-I, the estimated cross section and significance  values presented in Table- II get modified, as summarized in Table-III. From Table- III, after using the polarization, the expected cross section gets enhanced by about 150% for E CM =250, 350, 500 GeV and by about 50% for E CM = 1 TeV. This makes the signal easy to detect for all the considered CM energies. As a summary, we give in Table- IV the expected events number excess for each CM energy with and without polarized beams. In Fig. 4 , we show the dependance of the significance on the Table-I ; and the significance S100 and S500 that correspond to the two integrated luminosity values L=100, 500 f b −1 , respectively. All energies are given in GeV and cross sections in pb. Table-I. accumulated luminosity with and without polarized beams for the considered CM energies, within the cuts given in Table-I . Thus, we see that by having a polarized beam, the signal can be observed even with relatively low integrated luminosity. For example, at E CM = 250 GeV, the 5 σ required luminosity is 150 f b −1 for polarized beam as compared to 700 f b −1 without polarization.
V. CONCLUSIONS
In this work, we have studied the detectability of a radiative model for neutrino masses at the future e − e + linear colliders. At different CM energies E CM =250, 350, 500 GeV and 1 TeV, we studied the process e − e + → e − µ + + E miss . We found that for the CM energies 250, 350 and 500 GeV, the missing energy is mainly light LH neutrinos, while at E CM = 1 TeV, the RH neutrinos contribution is dominant.
We have shown for the CM energy E CM = 1 TeV, the signal is sensitive to the mass of the charged scalar m S2 ; and it is only significant near a resonant value m S2 ∼ 240 GeV, which corresponds to the value chosen in our benchmark.
We found that the signal can not be seen at E CM =250, 350, 500 GeV in contrast the case of E CM = 1 TeV. After using polarized beams, the signal gets enhanced and can be observed for all CM energies. Furthermore, when considering polarization, the signal can be detected with smaller integrated luminosity as compared to unpolarized beam case. 
